Introduction
============

A wide range of materials including metallic alloys,[@cit1],[@cit2] metal complexes,[@cit3] carbon materials[@cit4] and metal--organic frameworks (MOFs)[@cit5] has been investigated as hydrogen storage materials. Among various kinds of hydrogen storage materials, hydrogen-storage metals or alloys provide one of the most promising ways to store hydrogen compactly and safely due to the stability of their hydrides. In particular, palladium is one of the representative materials for hydrogen storage. It can absorb about 1000 times its own volume of hydrogen at ambient pressure and temperature. Therefore, research on Pd hydride (Pd--H) has been intensively developed in various areas including hydrogen storage materials, purification filters, isotope separation membranes, and sensors.[@cit1],[@cit2],[@cit6]--[@cit15] Many investigations on hydrogen storage have been conducted on the bulk system of Pd or Pd-based alloys in the last half century.

Over recent years, metal nanoparticles (NPs) have received considerable interest as a new type of hydrogen-storage material[@cit16]--[@cit31] in addition to catalytic, optical and magnetic materials. Especially, Pd or Pd-based alloy NPs have been investigated as a model to clarify the hydrogen-storage properties of nanosized metals.[@cit16]--[@cit28] For example, it was shown that the amount of absorbed hydrogen and equilibrium pressure required to form Pd hydride decrease with decreasing particle size.[@cit16] For Pd--Au solid-solution NPs, 20 at% Au substitution of Pd drastically reduced more than half the amount of absorbed hydrogen.[@cit23] The decrease in the hydrogen concentrations of Pd--Au NPs is explained based on the filling of the 4d conduction band of Pd because of Au substitution, which serves as an electron donor to Pd. From our previous work, we expected that the replacement of Pd with Ir would enhance hydrogen-storage capacity because Ir may act as an electron acceptor to Pd as Ir (5d^7^6s^2^) has two less electrons than Au (5d^10^6s^1^). However, Pd and Ir do not mix in the bulk state, unlike the Pd--Au system;[@cit32] rather, the alloys segregate to form a domain structure.[@cit33]

Here, we report binary solid solution NPs composed of Pd and Ir, which are not miscible at the equilibrium state of the bulk, for the first time, by means of a process of hydrogen absorption/desorption (PHAD) from core (Pd)/shell (Ir) NPs. Only 20 at% replacement of Pd with Ir atoms doubled the hydrogen-storage capability compared with pure Pd NPs, which are a representative hydrogen-storage material. Furthermore, the systematic control of hydrogen concentrations and the corresponding pressure in Pd and Pd--M NPs (M = Ir, Pt, Au) have been achieved based on the band-filling control of Pd NPs.

Results and discussion
======================

Synthesis and characterization of Pd--Ir NPs
--------------------------------------------

Poly(*N*-vinyl-2-pyrrolidone) (PVP)-coated Pd NPs were first synthesized through a chemical reduction of PdCl~2~.[@cit34] An IrCl~3~ aqueous solution was slowly dropped onto the prepared Pd NPs having a mean diameter of 7.2 nm, and the mixture was stirred in the presence of H~2~ gas to form a core/shell structure (see Experimental details in the ESI[†](#fn1){ref-type="fn"}). The transmission electron microscope (TEM) image showed that the mean diameter of the NPs is 8.8 nm, and their size is larger than that of the Pd NPs used as a seed (Fig. S1[†](#fn1){ref-type="fn"}). The atomic ratio of Pd and Ir was determined by energy-dispersive X-ray (EDX) measurements, and the corresponding particles were characterized as Pd~0.8~Ir~0.2~.

In order to investigate the structure of the as-prepared Pd--Ir NPs, we performed high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and EDX mapping. [Fig. 1a](#fig1){ref-type="fig"} shows the HAADF-STEM image of the as-prepared Pd--Ir NPs. [Fig. 1b and c](#fig1){ref-type="fig"} show the corresponding Ir-L and Pd-L STEM--EDX maps, respectively. [Fig. 1d](#fig1){ref-type="fig"} presents an overlay map of the Pd and Ir chemical distribution. These mapping data show that the obtained Pd/Ir NPs form a Pd core/Ir shell structure. The corresponding EDX line profiles of Pd and Ir clearly showed that the Pd--Ir NPs form a core/shell structure ([Fig. 1e and f](#fig1){ref-type="fig"}). We also confirmed the core/shell structure of the as-prepared Pd--Ir NPs from the powder X-ray diffraction (XRD) results (Fig. S2[†](#fn1){ref-type="fn"}).

![(a) HAADF-STEM image and EDX maps of (b) Ir and (c) Pd in Pd--Ir NPs before the PHAD. (d) Overlay image of (b) and (c) (blue, Ir; red, Pd). (f) Line-scanning profiles of Ir (blue) and Pd (red) across the as-prepared Pd/Ir core/shell NPs in the STEM image (e). (h) Line-scanning profiles of Ir (blue) and Pd (red) across Pd--Ir solid-solution NPs in the STEM image (g). (i) HAADF-STEM image and EDX maps of (j) Ir and (k) Pd in Pd--Ir solid-solution NPs after the PHAD. (l) Overlay image of (j) and (k) (blue, Ir; red, Pd).](c8sc01460d-f1){#fig1}

Then, we performed the PHAD at 373 K[@cit24],[@cit25] to obtain Pd--Ir solid-solution NPs (see Experimental details in the ESI[†](#fn1){ref-type="fn"}). [Fig. 1i--l](#fig1){ref-type="fig"} show the distribution of Pd and Ir elements and their superposition in Pd--Ir NPs after the PHAD. [Fig. 1j](#fig1){ref-type="fig"} indicates that Ir elements are randomly distributed in the Pd--Ir NPs after the PHAD, while those in the Pd--Ir NPs before the PHAD have doughnut shaped distributions due to the core/shell structure ([Fig. 1b](#fig1){ref-type="fig"}). The overlay map of Pd and Ir shown in [Fig. 1l](#fig1){ref-type="fig"} also supports the formation of a Pd--Ir solid-solution alloy. We further characterized the Pd--Ir NPs after the PHAD by EDX line scanning analysis. As shown in [Fig. 1g and h](#fig1){ref-type="fig"}, the EDX line profiles clearly demonstrated that Ir and Pd atoms are randomly distributed in the NPs. The distributions of Pd and Ir for Pd--Ir NPs after the PHAD have been investigated for several particles, and the same results were obtained (Fig. S3[†](#fn1){ref-type="fn"}). We also confirmed the occurrence of Pd--Ir alloying from the XRD patterns (Fig. S4[†](#fn1){ref-type="fn"}). From these results, it can be seen that the as-prepared core/shell Pd--Ir NPs successfully rearrange to Pd--Ir solid-solution NPs, in which Pd and Ir are atomically mixed by the PHAD at 373 K.

In the Pd--Ir system, various phase-segregated structures have been reported, including core/shell[@cit35]--[@cit40] and alloy.[@cit41]--[@cit43] In contrast, the solid-solution NPs, in which Pd and Ir atoms are homogeneously mixed, have rarely been reported[@cit44],[@cit45] Only a few reports suggest that the binary solid-solution NPs may originate from the fact that Pd and Ir are not atomically mixed and are segregated to form a domain structure below 1673 K.[@cit33] Our results in this report demonstrate the first example of solid-solution NPs in which Pd and Ir are atomically mixed by means of the PHAD. Furthermore, the mildness of the PHAD can prevent the size growth caused by the coalescence of each NP. The mean diameters of the NPs were maintained before/after the PHAD (Fig. S1[†](#fn1){ref-type="fn"}). The effective method allows us to develop various kinds of solid-solution NPs by precisely controlling the size and compositional ratio of initial core/shell NPs.

It is known that hydrogen molecules invade inside metal or alloy lattices as hydrogen atoms and generate defect structures with superabundant vacancies, promoting atomic diffusion and structural change of alloys.[@cit46]--[@cit48] In this study, the vacancies or lattice defects over the entire structure produced by the PHAD are considered to play an important role in the atomic rearrangements from the Pd--Ir core/shell structure to the solid-solution one.

Hydrogen storage properties of Pd--Ir NPs
-----------------------------------------

To investigate the states of ^2^H absorbed inside Pd--Ir solid-solution NPs, solid-state ^2^H NMR spectra were measured. In the spectrum of Pd--Ir NPs, a sharp signal around 0 ppm and a broad signal at a higher field were observed ([Fig. 2a](#fig2){ref-type="fig"}). Considering that a single sharp line was obtained at 3.4 ppm for ^2^H~2~ gas ([Fig. 2c](#fig2){ref-type="fig"}), the sharp component in the Pd--Ir spectrum is attributed to deuterium atoms on the surface of particles which exchanged with free deuterium gas (^2^H~2~) or deuterium atoms (^2^H) inside the NPs, and the broad component is attributed to ^2^H absorbed inside the particles.

![Solid-state ^2^H NMR spectra of (a) Pd--Ir NPs after the PHAD, (b) Pd NPs,[@cit24] and (c) ^2^H~2~ gas as a reference. The measurements were performed at 86.7 kPa of ^2^H~2~ gas at 303 K.](c8sc01460d-f2){#fig2}

In the spectra of Pd, and Pd--Au and Pd--Pt solid-solution NPs, the broad signals of ^2^H absorbed inside the lattices were observed at 26.9, 17.5, and 8.3 ppm, respectively (Fig. S5[†](#fn1){ref-type="fn"}).[@cit23],[@cit24] A broad line, originating from ^2^H inside the Pd--Ir lattice, is observed at a higher field (--16.5 ppm) ([Fig. 2a](#fig2){ref-type="fig"}).

Pd hydride shows the lowest field shift of ^2^H atoms, compared with other alloy hydrides. The d band in Pd is almost filled after hydride formation. As a result, the correlation of the d spin in Pd is weakened, and the Knight shift mainly affects the NMR shift of ^2^H in Pd hydride ([Fig. 2b](#fig2){ref-type="fig"}).[@cit49] On the other hand, for the Pd--Ir NPs, the observed signal is remarkably shifted upfield ([Fig. 2a](#fig2){ref-type="fig"}). The NMR shift can be interpreted by the polarization of the s electrons of ^2^H arising from d spin paramagnetism of the Pd--Ir hydride. Because the d band of Pd--Ir has many holes, spin correlation between the conduction electrons of the PdIr hydride gives rise to the polarized spin of the ^2^H s electrons in the PdIr hydride. The intrinsic chemical shifts suggest that the electron density around the ^2^H nuclei depends on the change of d-band filling associated with mixing d orbitals of different metals, and the higher-field shift of Pd--Ir NPs indicates the formation of the atomic-level Pd--Ir alloy.

Hydrogen pressure--composition (PC) isotherms of Pd--Ir solid-solution NPs were measured at 303 K to quantify how much hydrogen was absorbed by alloying of Pd and Ir. As shown in [Fig. 3a](#fig3){ref-type="fig"}, Pd NPs have a hydrogen-absorption capacity of 0.24 H/Pd[@cit24] at 101.3 kPa. Considering that Ir monometallic NPs have a poor hydrogen-absorption capacity of 0.18 at 101.3 kPa,[@cit29] the significantly enhanced hydrogen absorption (0.48 H/Pd~0.8~--Ir~0.2~) in Pd--Ir NPs being twice that in Pd NPs is attributed to the synergetic effect of Pd and Ir at the atomic level.

![(a) PC isotherms of Pd NPs and Pd~0.8~--Ir~0.2~ solid solution NPs at 303 K. (b) Temperature dependency of PC isotherms of Pd--Ir NPs (black: 303 K, blue: 313 K, green: 333 K, orange: 343 K, and red: 353 K) and the van\'t Hoff plot of the absorption process (inset).](c8sc01460d-f3){#fig3}

The difference in hydrogen-storage properties together with the metal species in the Pd-based bimetallic NPs is discussed (Fig. S6[†](#fn1){ref-type="fn"}). The total amounts of hydrogen absorbed at 101.3 kPa were 0.24, 0.11, 0.33, and 0.48 H/M for Pd,[@cit24] Pd~0.8~--Au~0.2~,[@cit23] Pd~0.79~--Pt~0.21~,[@cit24] and Pd~0.8~--Ir~0.2~ NPs, respectively, which demonstrate that hydrogen concentrations are strongly affected by metal species in Pd-based bimetallic NPs. Interestingly, the 20 at% replacement of Pd with Ir provides the largest amount of hydrogen in Pd and Pd--M bimetallic NPs (M = Ir, Pt, Au). The total wt% including PVP which is used as a protecting polymer and has no hydrogen storage ability was estimated to be 0.12, 0.05, 0.14 and 0.18 wt% for Pd, Pd~0.8~--Au~0.2~, Pd~0.79~--Pt~0.21~, and Pd~0.8~--Ir~0.2~ NPs, respectively. To the best of our knowledge, Pd--Ir NPs absorb a larger amount of hydrogen at 303 K and 1 atm, compared with physisorption based materials such as MOFs,[@cit5] carbon based materials[@cit4],[@cit50]--[@cit52] and zeolites[@cit53] (\<0.1 wt% at 0.1 MPa, 298 K).

It is well known that particle size affects hydrogen storage properties in cases of Pd,[@cit16] Rh[@cit30] or Ir[@cit29] NPs. However, the mean diameters of Pd, Pd--Pt, Pd--Ir and Pd--Au NPs used in this study were 7.2 ± 1.4 nm, 8.1 ± 0.9 nm, 8.8 ± 1.7 nm and 8.4 ± 1.6 nm, respectively, and the size dependency of hydrogen storage properties is negligible. Furthermore, the crystal sizes of these nanoparticles were similar. The PHAD method allows us to properly compare the hydrogen storage properties of solid solution NPs with the same size and same compositional ratio. Therefore, the change in the electronic states of Pd associated with solid solution alloying is a dominant factor for hydrogen storage properties of Pd-based solid-solution NPs.

To explore the origin of the enhanced hydrogen storage capability by atomic-level Pd--Ir alloying, the temperature dependence of the plateau pressure in the absorption isotherms was investigated at H/Pd~0.8~--Ir~0.2~ = 0.25 ([Fig. 3b](#fig3){ref-type="fig"}). From the van\'t Hoff plots of H~2~ shown in the [Fig. 3b](#fig3){ref-type="fig"} inset, the enthalpy change was estimated to be --31.0 kJ (H~2~ mol)^--1^ for Pd--Ir NPs, while those of Pd--Au, Pd, and Pd--Pt were estimated to be --3.5, --18.6, and --25.0 kJ (H~2~ mol)^--1^, respectively (Fig. S7--S10[†](#fn1){ref-type="fn"}). These results demonstrate that the Pd--Ir alloy provides a favorable environment to form stable hydrides, which is also supported by the results of recent theoretical calculations.[@cit54] These specific enthalpy and entropy changes of bimetallic NPs allow us to precisely control the plateau pressure, which is the operating pressure for absorbing/desorbing hydrogen by changing the metal species doped into Pd (Fig. S11[†](#fn1){ref-type="fn"}). In addition, the particle size and high hydrogen storage capacity of Pd--Ir solid solution NPs were retained after the measurements of temperature-dependent PC isotherms (Fig. S12[†](#fn1){ref-type="fn"}).

The hydrogen storage concentration of bulk Pd is known to correlate with the number of 4d holes in the conduction band at the Fermi level,[@cit55] and the capability increases with increasing the number of 4d band holes. Pd--Rh bulk[@cit56]--[@cit60] and its nanoalloys have been reported for hydrogen absorption based on the band-filling effect.[@cit26] In the Pd--Rh system, the charge transfer to Rh causes an increase in the number of 4d-band holes of Pd--Rh alloys; therefore Pd--Rh alloys can absorb a larger amount of hydrogen than Pd. Considering that Rh and Ir elements are located in the same group of the periodic table, the greatly enhanced hydrogen capability in Pd--Ir NPs may originate from band filling of Pd NPs. Interestingly, the hydrogen storage capacity of the obtained Pd--Ir NPs (0.48 H/M) was significantly larger than that of Pd--Rh NPs (0.29 H/M).[@cit26] In contrast, the decrease in the hydrogen storage capability of Pd--Au NPs is based on the filling of the Pd 4d conduction band by Au substitution, which acts as an electron donor to Pd.[@cit23] These results demonstrate that the hydrogen concentration in Pd-based bimetallic NPs is controlled by selecting metal species doped in Pd NPs.

Conclusions
===========

In summary, by means of the PHAD of Pd/Ir core/shell NPs, we first synthesized binary Pd--Ir solid-solution NPs in which Pd and Ir are atomically mixed. The obtained Pd--Ir NPs have double the hydrogen-storage capability of Pd NPs which are a representative hydrogen-storage material. Moreover, the hydrogen-storage capacity in Pd-based solid-solution alloy NPs is controlled by the metal species substituted in Pd NPs due to the band-filling change of Pd 4d. Because Pd and Ir are well known as important catalysts in a wide range of industries, we expect that the Pd--Ir solid-solution alloy NPs are useful as efficient catalysts for various reactions. We hope that the results in this study will contribute to not only a design for the development of highly concentrated hydrogen-storage nanomaterials, but also effective catalysts.
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